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Wireless  data  acquisition  and  data  fusion  in  medical  and  environmental  applications  is mainly  based  on
additional  information  like  the  position  of the  sensor  device.  An  accurate  and  easy  to  implement  method
for  wireless  position  estimation  of  RFID  devices  is  described  in  this  paper.  For  RFID  communication  and
data  transmission,  the  tags  operate  within  the  13.56  MHz  ISM-band  with  a standardized  protocol  deﬁned




urface acoustic wave devices
tag  to base  stations  on  RF  frequencies.  The  chirp  signals  are  generated  by  SAW  devices  which  are  triggered
by  a low  power  consumption  pulse  generator  based  on  an  avalanche  transistor.  The  performance  of
position  estimation  under  AWGN  conditions  was  simulated  and  compared  with  common  methods.  An
improvement  in  the  mean  square  position  error  in  the  range  of the  chirp  compression  gain  was  found.
© 2016  The  Authors.  Published  by  Elsevier  B.V.  This  is  an  open  access  article  under the  CC  BY-NC-ND
orrelation receiver
. Introduction
Radio frequency identiﬁcation (RFID) tags are used in numerous
pplications like wirelessly readable product labels, automation
nd manufacturing processes, product tracking, animal identiﬁ-
ation, and so on. The miniaturization process of RFID chips by
nhanced semiconductor processes has led to RFID chips having
ery tiny dimensions. Hitachi has launched a highly integrated
FID device with a footprint of 0.4 mm in a square operating in
he 2.45 GHz microwave band [1]. This kind of miniaturized device
elps to equip most everyday products with cheap RFID tags for
dentiﬁcation and tracking.
An RFID set consists of two parts: the RFID device (tag, transpon-
er) and a base station or reader. Such RFID tags gain their powers
or operation from the RF-ﬁeld of base stations in their vicinity. In
assive operation, the transponder is only activated if the received
ignal strength from the base station exceeds the power-up thresh-
ld of the tag. Therefore, for passive devices, the communication
istance between the RFID tag and the base station is limited by
he antenna size, the transmitted RF power, and the receiver sensi-
ivity [2]. The data transmission format as well as the modulation
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formats for up- and down-link between the RFID tag and reader
station for chip- and smart-cards are deﬁned in ISO/IEC 14443
[3]. Four different frequency bands are currently in use depend-
ing on the application: Low frequency RFID systems operate at
125 kHz, high frequency (HF) systems operate at 13.56 MHz, ultra-
high frequency (UHF) RFID devices use 433 or 868 MHz  (Europe),
and microwave RFID tags use the 2.4 or 5.8 GHz band. Apart from
the application, all RFID devices utilize a bandwidth of only a few
kilohertz or megahertz, and therefore they are classical narrow-
band transmission systems.
Positioning and tracking of objects are among the leading
applications of RFID devices and can be categorized by operation
principle into two  groups:
First, for a RFID position estimation, one or more base stations
are placed at ﬁxed and known locations. If an RFID tag approaches a
region where the RF ﬁeld of the base station powers up the device,
the tag starts a repeated transmission of its ID. Assuming ID recep-
tion in line-of-sight (LOS) scenarios, a rough position estimation
can be carried out because the object must be located within a cir-
cle which is centered at the base station and has a maximum radius
given by the communication range. More precision in position esti-
mation can be gained using triangulation and trilateration methods
with three or more base stations [4–6].
A second positioning scenario that can be used especially for
tracking moving objects and robots should be discussed. A base
station with a directional antenna that receives the transmitted sig-
nals (IDs) from a subset of RFID devices located within the response
range is ﬁxed on the moving device. The positions of the replaying
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.












































tFig. 1. Transmission of linear chirp signals for ToA measurement.
FIDs are known and therefore the actual location of the moving
bject can be estimated [7,8]. This method can be combined with
SS (Received Signal Strength) information management and opti-
ization [9]. In general, when using the RSS signal for position
stimation of passive RFIDs by one or more base stations, the results
an be imprecise because of time varying transmission channels
nd multipath propagation. Several positioning concepts based on
SS sensing are summarized in [10,11]. An example of multiple tar-
et localization sparse networks based on compressive sampling
CS)-based algorithms for reducing the computational complexity
or localization formulations is given in [12].
In this paper, a system for position estimation of passive RFID
evices based on ToA (time of arrival) measurements of a trans-
itted chirp signal are presented (Fig. 1). The advantage of this
rinciple is that spread spectrum signals like a chirp signals
nhances the signal to noise ratio by the signal correlation gain if
hey are received by a signal matched ﬁlter. For chirp signal genera-
ion and RFID position estimation, the passive signal processing and
ltering capability of surface acoustic wave (SAW) devices are used.
n the RFID-tag to base station direction (downlink), the linear chirp
lter will be excited by a short and broadband pulse which gener-
tes a chirp signal as its impulse response on the output of the SAW
lter. In the base station, a linear chirp ﬁlter is used as a matched
lter for the transmitted signal, allowing a position estimation of
he RFID tag by trilateration. In contrast to [13], where chirp signals
or position estimation of active RFID chirp transceivers based on
he frequency modulated continuous wave (FMCW) radar princi-
le are introduced, the method proposed in this paper is based on
ow power RFID tags without the need for digital signal processing
apabilities and FMCW detectors. References [14,15] discuss SAW-
ased reﬂectors with different codes for position estimation by
ignal correlation but without the advantage of broadband signals
nd high compression gains like in chirp based systems.
. System description
In general, the developed RFID tag can be split into two  func-
ional groups, where one part is a standardized RFID transceiver
t 13.56 MHz  for wireless ID and data transmission and the second
art is a SAW-ﬁlter-based chirp generator operating at a center fre-
uency of 250 MHz  for position measurement of the RFID tag. The
ore of the RFID unit and the pulse generator was built with a low
ower microcontroller MSP430F149 (Texas Instruments, USA).
The concept of RFID position estimation is based on ToA mea-
urement of a linear chirp signal matched ﬁlter impulse response
alled the autocorrelation function (ACF) (Figs. 1–3). On the RFID
ag, a linear chirp is generated by a SAW ﬁlter as its impulse
esponse by exciting the SAW device with a short pulse. To excite
he full bandwidth of the chirp ﬁlter, the corresponding spectrum oftors A 244 (2016) 277–284
the trigger pulse must cover at least the bandwidth of the SAW chirp
ﬁlter. The chirp signal (impulse response of the SAW ﬁlter) is trans-
mitted via an RF antenna to the base stations for ToA measurement.
The received chirp signal is correlated in the base station with a
signal-matched ﬁlter which delivers the chirp autocorrelation func-
tion (Figs. 2 and 3). After subsequent incoherent demodulation of
the chirp ACF, the ToA information can be gained by threshold or
peak detection. The differences in ToA measurement of the trans-
mitted chirp signal at each base station are denoted as tmn, where
m and n represent the individual numbers of the base stations.
The wireless powering, ID, and data transmission as well as the
modulation formats of the RFID unit of the device are performed
in separate channels at different frequencies which are deﬁned
in international standards such as ISO/IEC 14443 for proximity
and smart cards [3]. By separating RFID-related functions (wireless
powering, data transmission, etc.) and the chirp signal transmission
for tag position estimation into different frequency bands, possible
jamming and interference can be avoided. In our concept, the RFID
unit of the device was operating in the 13.56 MHz  band, where the
power for the RFID device is transmitted via an RF-carrier and the
data transmission is done by load modulation on the carrier. The
position measurement of the unit was  done by chirp signals with a
center frequency of 250 MHz  and a bandwidth of 80 MHz.
2.1. Linear chirp signals
For precise position estimation of objects, the shortest possible
pulses should be used for high range resolution. In radar tech-
nology, linear frequency modulated signals (chirp signals) are in
widespread use because of their high time-bandwidth product,
the resulting high correlation gain, and therefore their excellent
signal-to-noise ratio (SNR) at the receiver.
A linear chirp signal with amplitude A (and without amplitude
weighting) can be written in the time domain as












The signal s(t) in Eq. (1) roams linearly in a bandwidth Bc cen-
tered around the frequency 0 in a time interval Tc. The dispersion
coefﬁcient  represents the change of frequency over time. If the
frequency increases with time ( > 0), the signal is called an up-
chirp; otherwise it is called a down-chirp.
For chirp-based RFID position estimation, a short pulse gen-
erated by the RFID unit excites the SAW chirp ﬁlter for signal
transmission. An optimal receiver regarding the SNR utilizes
matched ﬁlter correlative signal processing. In Fig. 2a,b, the prin-
ciple of chirp transmission and impulse compression including the
all relevant signals is sketched.
The auto-correlation function (ACF) Rss(t) of a chirp signal, that
is, the response of the signal-matched ﬁlter with the normalized
impulse response h(t).




















The ACF Rss(t) is given by the convolution of s(t) with h(t), with the
dispersion coefﬁcient  = 2Bc [17] (Fig. 3a).Tc
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Pig. 2. (a) Principle of chirp transmission and correlation by a matched ﬁlter. (b) Tim
CF  at ﬁlter output and (3) after incoherent demodulation.
The envelope of the signal at the center frequency 0 is similar to
 sin (x)/x function (Fig. 3a,b). The transmitted chirp signal’s energy









The transmitted power Pc is the transmitted signal energy




. (5)nals at different positions of the transmission system (1) generated chirp signal, (2)
In the receiver, the signal is compressed in a main lobe of dura-
tion 1/Bc. If the energy is assumed to be constant, the peak value of
the ACF after pulse compression Rss(0) is given by
Rss (0) = A
√
TcBc (6)
The factor Tc × Bc is the gain in peak signal power due to impulse
compression. It is equal to the enhancement of the peak SNR in
the case of additive white Gaussian noise. If the amplitude of the
chirp is almost constant for its duration Tc, sidelobes with a ﬁrst
peak amplitude of approximately −13 dB relative to the main peak
occur after impulse compression and may  cause errors in signal
detection; for example, they may  produce ghost targets in radar
technology and non-unique and potentially wrong position infor-
mation in the proposed application. To avoid this and to achieve
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 better main-to-side-lobe ratio, a signal weighting function W()
s applied in the frequency domain. The generalized cosine square
eighting function for a signal with center frequency 0 and band-
idth B is given by






By applying the commonly used Hamming weighting function
k = 0.08, n = 2 for Eq. (7)), a theoretical maximum of the main-
o-side-lobe ratio of approximately 42 dB can be gained, but the
ompressed impulse is widened by a factor of approximately 1.5
17,18].
.2. Surface acoustic wave devices for chirp signal generation
In principle, chirp signal synthesis and impulse compression can
e performed in a fast digital signal processor. By implementing
uch signal synthesis in a digital direct synthesizer, chirps with a
andwidth of up to a few hundreds of megahertz can be generated
or transmission.
An analog method of generating chirps is several decades old
nd is still applied to impulse compression of chirps with a band-
idth of a few hundreds of megahertz is the utilization of dispersive
AW delay lines [19,20]. On a piezoelectric SAW substrate, metal-
ic interdigital transducers (IDTs) convert an electrical RF signal
nto a SAW and reconvert it into an electric signal. The propaga-
ion velocity of the SAW is smaller by a factor of 10e5 than that
f an electromagnetic wave in free space. The maximum acous-
oelectric interaction occurs at that frequency, where the acoustic
avelength is equal to the geometric period of the IDT’s ﬁngers [20].
he interaction will occur at lower frequencies for a wider geomet-
ic period than for a narrower one. In Fig. 2, chirp generation and
mpulse compression in a SAW device are drawn schematically. If
he input IDT is excited by a signal covering the full frequency band
f the ﬁlter, the spectral components with lower frequencies will
ccur ﬁrst at the output and the highest ones will occur last; the
roup delay is dispersive. In Fig. 2, an up-chirp SAW ﬁlter is drawn,
esponding to an applied impulse with an up-chirp. By deﬁnition,
he impulse response of a signal matched ﬁlter hm(t) is the conju-
ated complex time reverse of the received signal s(t) and delivers
he signal ACF at the ﬁlter output.
m = s∗ (−t) (8)
As indicated in Fig. 2 and Eq. (2), a chirp matched ﬁlter can be
ained by reversing the IDT of the dispersive SAW delay line. This
eans that the matched ﬁlter impulse response gm(t) is a down-
hirp for a received up-chirp signal s(t). The spectral components
f the chirp signal excite an electric signal at the corresponding IDT
nger pairs. For a short time interval, this electric charge distribu-
ion is in phase and can be summed up constructively by the bus
ars to the compressed output impulse. If a part of the chirp signal
oes not arrive at the receiver, the corresponding electric charge is
bsent at the bus bars and the output signal contains less energy
ut is still the sum of the remaining in-phase signal components
ompressed to a short time interval. This is an explicit advantage
f broadband signals regarding reliability and robustness. Since the
AW device is strictly linear, the impulse compression also oper-
tes for negative SNRs at the input. So the signal can still be detected
ven when the received chirp is buried in noise and interference at
he receiver’s input.. RFID position estimation
As shown in Figs. 1 and 2, a SAW chirp ﬁlter is excited by the RFID
nit of the tag with a short pulse to generate a chirp signal as theFig. 3. (a) Bandpass signal of a compressed chirp pulse Rss(t) and (b) its envelope
after incoherent demodulation with the peak amplitude at center.
ﬁlter’s impulse response. In the base station, the ACF with its max-
imum Rss(0) (Eqs. (2) and (6)) of the received chirp signal is built
by correlation in a signal matched ﬁlter having the time inverse
impulse response to the received signal. The proposed principle for
RFID position detection can be used for RFID devices or RFID-based
sensors which are powered by battery or for passive devices [21]. In
passive devices, the energy for the SAW excitation pulse is stored in
a capacitor which is charged via an RF-carrier at timepoints when
the RFID device is in the vicinity of a base station.
The position estimation is done by trilateration based on the
time differences of the received chirp signal at the base stations
(Fig. 7). A detailed block diagram of a base station with a standard-
ized RFID interface and supporting chirp-based position estimation
of RFID tags is depicted in Fig. 4.
3.1. Design of the RFID device
In a periodic interval, the RFID unit or a low power microcon-
troller generates a short impulse that triggers the SAW chirp ﬁlter
to generate and transmit a chirp signal to the base stations for posi-
tion estimation. The energy for operation of the microcontroller is
from an onboard coin battery or is stored in a high grade capacitor
(Gold-Cap, Super-Cap) [22], which can be charged from time to time
by the RF-ﬁeld of the base station or by energy-harvesting methods
[23]. But all the proposed energy storage units have limited capac-
ity and supply voltage. For a high voltage trigger pulse, which is
M.  Brandl et al. / Sensors and Actuators A 244 (2016) 277–284 281































gFig. 4. Detailed block diagram of an RFID base station and 
ecessary for exciting the SAW chirp ﬁlter, an ampliﬁcation stage
hould be used.
A highly efﬁcient method of generating short and broadband
ulses with rise and fall times in the nanosecond range is the use
f transistors operating in the avalanche-breakdown region. An
valanche breakdown can be generated in a bipolar junction tran-
istor by applying a reverse voltage beyond the collector-emitter
reakdown voltage [24]. At very high reverse voltages, hot elec-
rons with high kinetic energy are generated in the semiconductor
rystal. These electrons can knock out other electrons, which results
n a rapidly growing electron avalanche, and the crystal becomes
onducting in sub-nanoseconds. This principle is well suited to the
eneration of pulses that are of high energy, short, and therefore
roadband in the frequency domain.
The RFID unit is typically powered by a lithium coin battery with
 nominal voltage of 3.3 V or by a high grade capacitor with a typical
aximum operating voltage below 5 V. To reach the avalanche-
reakdown region of a commercial bipolar junction transistor, a
everse voltage above about 150 V must be applied. To generate
uch high voltages in an easy way, we have used a ﬁeld effect tran-
istor (FET) as a switch (T1) together with a 47 H inductivity to
uild an ignition circuit for the avalanche transistor T2 (Fig. 5a).
he FET is turned on for 4 s, where during this time, an expo-
entially increasing current limited by the on-resistance of the FET
witch ﬂows through the inductivity L1 (mean current during 4 s
f T1 on-time: IL-mean ∼ 100 mA  at Ub = 3.0 V, Fig. 6). After switch-
ng the FET off (Fig. 5b), a high voltage pulse (UDS) which is above
he breakdown voltage of the bipolar transistor T2 is generated
y the inductivity L1. Therefore an avalanche breakdown is gen-
rated in transistor T2 and a short current pulse ﬂows through
he RF-balun ETC1-1-13TR (M/A-COM Technology Solutions, USA)
n which the SAW chirp ﬁlter (DS1804C, Nanotron Technolo-
ies GmbH, Germany) is connected. The RF-balun is used forFig. 5. (a) Pulse generator based on avalanche transistor for the generation of chirp
signals. (b) Measured time signals during operation.balancing and impedance matching. For an optimal chirp gener-
ation, the pulse rise time and duration of the trigger pulse must
at least cover the chirp bandwidth in the frequency domain and
282 M.  Brandl et al. / Sensors and Actua























lFig. 7. Trilateration principle for 3D RIFD position estimation.
hould be more than 300 MHz  which corresponds to pulses with
 rise time below 3 ns. The measured chirp output power at the
ntenna was −20 dBm for a supply voltage Ub = 3.0 V. The current
nd energy consumption of the chirp generation unit are depicted
n Fig. 6. The trigger circuit from Fig. 5a is switched on for Ton = 4 s
nd the mean current consumption during this time is about 80 mA
or Ub = 2.5 V and rises to a mean current of 140 mA  at Ub = 4 V.
The mean charge necessary for the generation of one chirp signal
s the product of the current consumption and the time duration. At
 supply voltage of 3 V, the charge consumption of the trigger circuit
s about 1.2e–7 mAh  for the generation of one chirp signal (Fig. 6).
he current consumption of the microcontroller which delivers the
rigger pulse to the FET switch can be assumed to be about 10 mA for
 time duration of 10 s, resulting in a withdrawn charge capacity
f 2.8e–8 mAh  per period. The typical useable capacity of a minia-
ure lithium coin battery CR1216 with a diameter of 12 mm and a
eight of 1.6 mm is 25 mAh  [25]. Therefore, the total charge with-
rawn from the coin battery per period is 1.48e–7 mAh, and this
eans that a total of about 1.7e8 chirp signals can be generated and
ransmitted. The simple calculation shows that the battery capacity
hould not be the limiting factor of the sensor tag life cycle and a
ery high number of position estimations can be done. Because of
he low amount of energy necessary for supplying the RFID device,
ow-power energy-harvesting methods can be used.tors A 244 (2016) 277–284
3.2. Position estimation and simulation results
The RFID is not continuously in the active mode but will nor-
mally be set in the low-power sleep state and powered up only at
scheduled time points or on request by a received wake-up signal.
In the sleep mode, the RFID receiver is powered down and no active
ampliﬁcation of the wake-up signal can be achieved. Therefore, the
tag can only be woken up at deﬁned time points by a watchdog
clock system implemented on the on-board microcontroller or at
any time point by an external trigger, for example, when the RFID
tag is in the transmission range and powered by the base station.
After wake-up, the RFID tag starts a periodic transmission of chirp
signals. The tag position estimation is done by ToA measurements
at the receiving base stations and subsequent trilateration using
the equations depicted in Fig. 7.
The coordinates of the three base stations are denoted by (x1, y1,
z1), (x2, y2, z2), and (x3, y3, z3). The tag position with coordinates (x,
y, z) can be estimated from the ToA differences of the received chirp
signal. The localization accuracy of the proposed method was deter-
mined under the assumption of an AWGN (additive white Gaussian
noise) transmission channel where the received signal is corrupted
with noise (Eq. (9) and Fig. 9). The accuracy of position estimation
based on chirp signals under LOS conditions is mainly given by the
peak amplitude of the chirp ACF (Eq. (6)) and the noise on the trans-
mission channel. For a theoretical model of the time-position error
caused by white additive noise, it will be assumed that the noise
has a power spectral density G(f) = /2 and zero mean value [26]. A
selective low-pass ﬁlter in the receiver limits the noise bandwidth
to BN ≤ Bc/2. The output signal v(t) of the ﬁlter sampled at the peak
value of the ACF at t = Ts is
v (Ts) = Rss (Ts) + n (Ts) = A
√
TcBc + εA (9)




= n2(TS) = BC/2· (10)
Any ﬁlter bandwidth BN that is less than the half chirp band-
width Bc/2 lowers the noise bandwidth but reduces the output ACF
amplitude and the pulse rise time tr = 1/2Bn = 1/Bc, assuming that








In the receiver of the base station, a threshold detector is used
for ToA measurement of the transmitted chirp pulse. For incoherent
detection of the received chirp signal, the probability density func-
tion (pdf) of the noise ﬂoor is Rayleigh distributed and the pdf of
the ACF-peak is Rican distributed at the threshold detector, respec-
tively. For this case, the optimal threshold detector level Vopt is
given by [26],





Vopt ≈ Rss (0)2 for (SNR  1) . (12)
For reliable position estimation accuracies, the SNR must be
much greater than 1 and therefore the threshold level is set to half
of the ACF maximum Rss(0)/2. To obtain a constant amplitude of the
ACF at the threshold detector, a control loop with a peak-detection
circuit and a gain-controlled ampliﬁer is used (Fig. 4). The noise
M.  Brandl et al. / Sensors and Actuators A 244 (2016) 277–284 283






















Fig. 10. Distribution of the estimated RFID position. N = 100, SNR = 10 dB.Fig. 9. Estimated position of the RFID tag. N = 100, SNR = 10 dB.
erturbation n(tb) causes a time-position error t, and from Fig. 8,
sing an approximation with similar triangles, it can be found that












n2 (tb) = [tr/Rss (0)]2BN (14)








t follows that the variance of the time-position error can be
educed by choosing chirp signals with high bandwidth coverage Bc
nd long time-duration Tc, resulting in high correlation gain, which
s the product TcBc.
Fig. 9 shows the simulation results for an RFID tag located at
 = y = 1.5 m,  z = 0, and the estimated positions calculated by ToA
nder AWGN conditions, with an SNR of 10 dB on the transmission
hannel. The chirp signal was deﬁned with a chirp bandwidth of
c = 80 MHz, a chirp duration of Tc = 1.2 s, and a center frequency
f f0 = 250 MHz.
The distribution of the localization error is depicted in Fig. 10,
rom which the mean position estimation accuracy was  calculated
ithin a SNR of −10 to +40 dB (Fig. 11).
The proposed ranging method using linear chirp signals with a(√ )orrelation gain G = 20log TcBc is compared with classical ToA
rinciples using signals without compression gain. Both methods
re compared under AWGN and LOS conditions. The classical max-
mum likelihood (ML) estimation method is based on algorithmsFig. 11. MSPE comparison of position estimation methods based on signals with
and without correlation gain (N = 100).
described in [27]. In Fig. 11 the mean square position error (MSPE)
in dependency on the transmission channel SNR is depicted. The
MSPE is deﬁned as E
{(
xˆ − x
)2 + (yˆ − y)2}. The difference in MSPE
found between signals with and without correlation gain is about
the signals correlation gain G. This is shown for linear chirp sig-
nals with a bandwidth Bc = 40 MHz  and 80 MHz, respectively. Both
chirp signals have a duration of Tc = 1.2 s. The calculated correla-
tion gain G is ∼17 dB for a chirp bandwidth of 40 MHz  and ∼20 dB
for a chirp bandwidth of 80 MHz.
For scenarios of position estimation with more than one RFID
tag, the transmitted chirp signals must have a unique code for
differentiation. This can be accomplished from the RFID tag by
transmitting in quick succession a ﬁxed number of chirp signals
in different time slots within a transmission frame. This principle
is called pulse position modulation (PPM) [28] and is able to assign
the received chirp pulses to a dedicated RFID tag. Probable multi-
tag-collision scenarios of RFID devices can be solved by random
multiple access approaches implemented in the MAC  layer.
4. Conclusions
An accurate and power-saving principle for wireless position
estimation of RFID devices was  proposed. For correlative signal
processing with a high immunity against interference in the trans-
mission channel, linear chirp signals for locating RFID devices are
used. The signal generation is carried out on the RFID tag by trig-
gering a SAW-based chirp ﬁlter with short and broadband pulses.
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onsisting of a transistor, which is operated in the avalanche mode,
as used. Due to the low power consumption of the positioning
rinciple, the RFID device can be supplied by a miniature lithium
oin battery or by energy-harvesting methods. Several simula-
ions of the chirp-based position estimation method under AWGN
onditions underlie the accuracy and robustness of the proposed
rinciple and show a reduction of the mean square position error
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